Introduction {#sec1}
============

Liposomes have attracted increasing attention in the field of synthetic biology.^[@ref1],[@ref2]^ Since liposomes have a structural commonality to the current living cells, they can be a scaffold to remodel cellular dynamics aiming at clarifying an unexplored chemical logic in the cells.^[@ref2]−[@ref4]^ Thus far, various cell models mimicking fundamental features of living cells (liposome-based cell models) have been proposed: growth and division,^[@ref5]−[@ref8]^ protein synthesis inside liposomes,^[@ref9]−[@ref12]^ communication with other liposomes,^[@ref13]^ and energy synthesis.^[@ref14]^ In addition, investigating liposome-based cell models in view of supramolecular chemistry and soft matter physics would be a promising approach to clarify the fundamental features of cellular membranes.^[@ref15]−[@ref18]^

As for the preparation methods of liposomes, the so-called water-in-oil (w/o) emulsion transfer method (WOET method) has drawn attention because of its highly efficient encapsulation of various substances including (bio)macromolecules and even micrometer-sized colloidal particles into the inner water phase of liposomes.^[@ref19],[@ref20]^ Briefly, the w/o emulsion is deposited onto an aqueous phase, and the water droplets coated with a lipid monolayer in the emulsion are transferred from the upper oil phase to the lower aqueous phase using a centrifuge. Liposomes are formed by the transfer of the droplets because the lipid monolayer formed at the interface of the upper oil phase and the lower aqueous phases wraps the monolayer-coated droplets. Basically, the inner water phase of the formed liposome carries over the inner phase of droplets in the emulsion, and the encapsulation efficiency is much better than the traditional preparation methods of liposomes, by which macromolecules were hardly encapsulated or tend to be lost to the external solution.^[@ref21]−[@ref24]^ Because of no requirement of any specific apparatus but a benchtop centrifuge, the WOET method is available for the studies in versatile fields including synthetic biology.

For use of liposomes in biological studies, it is also important to establish precise and efficient technique handling the liposomes under controlled environmental conditions^[@ref25]^ because of the difficulty in microscopic tracking of cell-sized liposomes as they freely move by an exchange of the outer solution. Recent developments of microfluidic devices made of poly(dimethylsiloxane) (PDMS) have solved the problem as the device allowed to array liposomes and to observe them in detail over time while repeatedly exchanging the outer solution.^[@ref26]−[@ref29]^

However, hydrophobicity of PDMS sometimes limits the applicability. Namely, hydrophobic molecules could adhere to the surface forming aggregates,^[@ref30]^ which was also the case in using liposomes prepared by the WOET method. Hydrophilic surface modification can reduce such undesired adsorptions^[@ref31]−[@ref34]^ but in turn causes wetting of liposomes and membrane spreading.^[@ref35],[@ref36]^ Thus, the hydrophilic modification would be problematic for a longtime observation.

In this study, we present that the surface modification of the microfluidic device using a perfluoroalkyl group was useful to reduce the undesired adhesion of lipid aggregates over the long-term liposome observations. Based on the microfluidic system that we recently developed,^[@ref29]^ we validated the surface modification through sequential size-sorting and trapping of the cell-sized liposomes prepared by the WOET method. As a demonstration, we first encapsulated multiple polystyrene-made fluorescent microbeads (diameter = 1.0 μm) in the liposomes and performed a statistical evaluation of the encapsulation efficiency based on microscopic tracking. We compared the intrinsic variance in the distribution of the encapsulation yields in the device and the bulk measurement. As a second demonstration, we estimated water permeability of the liposomes prepared by the WOET method under precisely regulated perfusion of the hypertonic solution.

Perfusion Chamber Design {#sec2}
========================

The schematic illustration of a microfluidic device integrating size-sorting and trapping of cell-sized liposomes is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The device was designed according to the previous report.^[@ref29]^ The device contains a size-sorting region and a trapping region. Size-sorting mechanics was implemented by the deterministic lateral displacement (DLD).^[@ref37],[@ref38]^ By DLD, large particles are bumped up when the particle collided to periodically juxtaposed microposts because of its excluded volume (bump mode), while small particles swim straightly among the microposts (zigzag mode). In this paper, by combining two DLDs, we designed the device to select liposomes of 11.8--12.2 μm in diameter in theory. For the trapping region where the selected liposomes were introduced, we adopted a large circular microstructure (nest) to trap only one liposome, where the trapped liposome can be easily tracked even under a transient and stochastic backflow caused by the abrupt stop of the external flow. Owing to the nest structure, the relatively static condition of liposomes is easily realized with the microfluidic device for the purpose of comparing the previous studies on cell-sized liposomes with batch microscopic observation. We note that in our experimental setup, the frequency of such a transient backflow itself was suppressed owing to plumbing ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01371/suppl_file/ao0c01371_si_001.pdf)). The mechanism to trap only one liposome in one nest is as follows: the flow at the entrance of the nest bifurcates into the trap path and bypass path. The trap path is clogged by a first trapped liposome, resulting in an increase of the flow resistance of the trap path ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01371/suppl_file/ao0c01371_si_001.pdf)). Thus, the height of the bifurcation decreased after the first liposome is trapped. Since only liposomes of selected diameter were introduced into the trapping region, secondary liposomes cannot enter the nest.

![Schematic illustrations of the developed microfluidic device to array liposomes in juxtaposed trapping structures (nests) (a) and plumbing of the microfluidic system (b).](ao0c01371_0001){#fig1}

Results and Discussion {#sec3}
======================

Surface Modification of PDMS and Microfluidic Trap of Cell-Sized Liposomes Prepared by the WOET Method {#sec3.1}
------------------------------------------------------------------------------------------------------

As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, a considerable amount of adhesion of lipid aggregates was observed in the size-sorting region when we used an unmodified device. Since the collision of particles and the microposts is the key to DLD mechanics, such adhesion collapsed the performance of the device.

![(a, b) Fluorescence microscopy images of the start point of the size-sorting region with no treatment (a) and with surface modification (b). Images were taken after 12 h of introduction of liposome dispersion with the WOET method. (c) Fluorescence image of arrayed liposomes after 2 h of introduction of liposome dispersion. Contours of the nests were superimposed by the gray lines. Scale bars, 100 μm.](ao0c01371_0002){#fig2}

Thus, we considered changing the surface of the device to be hydrophobic and lipophobic. During the bonding process of the PDMS channel with the glass slide, the silanol group was generated on the surface through O~2~ plasma treatment ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, runs 1 and 2).^[@ref39]^ However, after 30 min of baking (experimentally determined shortest bonding time, by which the PDMS channel and glass slide were bonded without any leakage), the contact angles of both water and hexadecane got remarkably recovered ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, run 3), indicating that the reactive sites diminished. Thus, we chose the trifunctional silane coupling reagents expecting the polycondensation of trimethoxy(1*H*,1*H*,2*H*,2*H-*heptadecafluorodecyl)silane (PFS). We measured the contact angles for water and hexadecane according to the previous report^[@ref40]^ with PDMS blocks baked for 30 min after the plasma treatment and following surface modification. Compared to the unmodified but plasma-treated PDMS block (water, 96.1 ± 1.6°; hexadecane, 42.3 ± 1.5°; [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, run 3), the modified PDMS block showed larger contact angles both for water and hexadecane (water, 107.7 ± 6.1°; hexadecane, 71.4 ± 2.2°; [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, run 4). The contact angle of the modified PDMS block for water was comparable to the initial value (107.7 ± 6.1 and 105.33 ± 2.3°, respectively) and that for hexadecane was clearly increased (43.9 ± 2.1 and 71.4 ± 2.2°, respectively). Since plasma-treated PDMS block did not recover the initial contact angle for water even after 20 h without further modification (83.2 ± 9.1°), we deduced that the modification increased both hydrophobicity and lipophobicity of the surface of PDMS. Note that the contact angles were unchanged even after 20 h from the modification ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, run 5).

###### Contact Angles of Water and Hexadecane on PDMS Blocks before and after the Modification

                                      contact angle/deg   
  --- ------------------------------- ------------------- ------------
  1   untreated PDMS block            105.3 ± 2.3         43.9 ± 2.1
  2   just after plasma treatment     32.9 ± 3.7          32.2 ± 2.3
  3   30 min after plasma treatment   96.1 ± 1.6          42.3 ± 1.5
  4   30 min after PFS treatment      107.7 ± 6.1         71.4 ± 2.2
  5   20 h after PFS treatment        103.8 ± 2.0         68.4 ± 3.7

We then examined the performance of the surface-modified device for the liposomes prepared by the WOET method. The adhesion of the lipid aggregates, which collapse the size-sorting mechanics based on the DLD method, considerably reduced ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). In addition, the liposomes were trapped in the trapping region within 2 h ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). In the figure, 57% of nests (16/28) were occupied and only one liposome was trapped for 81% of the occupied nests (13/16). The trapping efficiency (57%) was relatively low compared to the previous report where liposomes prepared by a sugar-doped thin-film hydration method were used.^[@ref29]^ The tendency of the time course was similar to the previous report:^[@ref29]^ a fast increase in the early time range followed by a plateau ([Figure S3a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01371/suppl_file/ao0c01371_si_001.pdf)). In addition, more than 75% of the trapped liposomes trapped stably at least 2 h ([Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01371/suppl_file/ao0c01371_si_001.pdf)). Thus, the low trapping efficiency could be assigned to the fraction of liposomes of a desired diameter in the liposome dispersion. On the other hand, although a slight amount of lipid aggregates was observed both for the size-sorting region and trapping region, the one-to-one rate (81%) was equivalent to the previous report,^[@ref29]^ suggesting that the trapping strategy worked well. The size of trapped liposomes was 10.1 μm in average (coefficient of variation = 15%). Compared to the theoretical expectation for the average size calculated from the design of DLD (11.8--12.2 μm), the average diameter of the trapped liposomes was smaller. According to the previous report, owing to the deformability, DLD tends to select slightly larger particles when it was applied to liposomes (∼10% larger than the theoretical estimation).^[@ref26]^ The obtained tendency in this research was the opposite. We consider the reason as follows. Small liposomes could be introduced into the trapping region when a liposome collides with microposts with the other adjacent liposomes because the diameter of the liposome is overestimated. Importantly, the trapping structure used in the device imposed an additional step of size selection at the entrance of the nest: only liposomes whose diameter was smaller than the bifurcation height was able to enter the nest. As we designed the bifurcation height for the empty nest to be low enough to exclude secondary liposomes after the first trap of the liposome, most of the liposomes (diameter 11.8--12.2 μm) bypassed the nest and the liposomes smaller than the DLD design (∼10 μm) were selectively trapped at the nests. Note that the coefficient of variation of the diameter of trapped liposomes (15%) was better than those obtained in the previous preparation protocols based on the WOET method.^[@ref41],[@ref42]^ Taking the results together, we deduced that the modification was effective to change the surface property of PDMS and thus extended the applicability of the device to the liposomes prepared by the WOET method.

Distribution of Encapsulated Microbeads in Liposomes Prepared by the WOET Method {#sec3.2}
--------------------------------------------------------------------------------

One of the most striking advantages of the WOET method is to encapsulate not only macromolecules but also the colloidal particles of the micrometer scale at high volume fractions in liposomes.^[@ref43],[@ref44]^ To prove that the device is appropriate for the investigation of liposomes prepared by the WOET method, we prepared liposomes with fluorescent polystyrene microbeads and observed them with the microfluidic device. As a result, the streamline of fluorescent microbeads was visualized, which indicated the bipolar convection inside the liposomes ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a and [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01371/suppl_file/ao0c01371_si_002.mp4); see [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01371/suppl_file/ao0c01371_si_001.pdf) for the monochronic images decomposed from the original image for each color channel corresponding to the liposomal membrane and fluorescent microbeads). Since the stroboscopic lines shown in cyan were the trajectory of the microbeads during the exposure time, we can see the convection in the trapped liposome, which was parallel to the cross section of the liposome. The tendency was common to all of the observed liposomes. When the flow was abruptly stopped after the trapping, the convection was suspended in accordance with the stoppage of the flow of the outside of the liposomes ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b--d and [Movie S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01371/suppl_file/ao0c01371_si_003.mp4)). Recently, it was theoretically and experimentally reported that shear can generate bipolar convections inside liposomes under the fluidic conditions^[@ref45]^ and hemispherical liposomes adhered to the solid surface.^[@ref46],[@ref47]^ Although the details of the fluidic property and state of liposomes were different, we consider that the convection observed in our system is analogous to the previous reports. Note that, in any case, the bipolar convection visualized by the fluorescent microbeads can be regarded as a clear proof that the device was able to trap the liposomes encapsulating multiple micrometer-sized microbeads inside, which was one of the characteristic advantages of liposomes prepared by the WOET method.

![Composite fluorescence microscopy images of liposomes trapped in the microfluidic device under a constant flow (40 μL/h) (a) and under a stopped flow (b--d). Images were taken 5 s (b), 9 s (c), and 13 s (d) after the manipulation of the valve. Lipid is depicted in red (emission, 600--690 nm), and fluorescent microbeads are shown in cyan (emission, 515--545 nm). The optical exposure time was 500 ms. Scale bars, 10 μm.](ao0c01371_0003){#fig3}

The liposomes captured and observed in one experiment are only a part of liposomes in the original liposome dispersion as the smaller coefficient of variation of the diameters indicated (approximately 15% in the device and 32% in the bulk measurement) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). Therefore, it is important to validate whether the distribution of the trapped liposomes is not biased with that obtained in the batch observation. Since the encapsulation yield is the core competence of the WOET method,^[@ref48]^ we counted the number of fluorescent microbeads encapsulated in the trapped liposomes after abruptly stopping the external flow and compared the result to that obtained in the batch observation. Note that we used a far diluted microbead dispersion compared to the previous reports^[@ref44]^ to count the number of microbeads inside correctly. To avoid the effect of the difference of the volume, we calculated the volume fraction of the encapsulated microbeads to the liposome. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, the shapes of the frequency plots of the volume fraction obtained from the microfluidic measurement (*n* = 113) and that obtained from the batch measurement (*n* = 173) showed similar tendency (*p* = 0.23). On the contrary, when the 2-fold diluted microbead dispersion was used for the inner aqueous phase of the liposome dispersion, frequency distribution slightly left-shifted (*n* = 64; *p* = 0.058). The difference in the distribution was also demonstrated by the average number of microbeads encapsulated in liposomes: 1.5 for the twofold diluted dispersion and 2.1 for the original dispersion. Overall results were consistent with the hypothesis that the liposomes arrayed in the microfluidic device were not biased at least in terms of the distribution of the encapsulation yield.

![(a, b) Histograms of diameters of trapped liposomes (a) and volume fractions of fluorescent beads encapsulated in the liposomes (b). Liposomes prepared with original density (1×) or two times diluted (2×) bead dispersion were observed under a microfluidic device (MFD) or bulk specimen.](ao0c01371_0004){#fig4}

Water Permeability of Liposomes Prepared by the WOET Method {#sec3.3}
-----------------------------------------------------------

As stated above, one of the advantages of the microfluidic observation is the sequential and simultaneous tracking of liposomes under a controlled outer environment. To demonstrate this point, we observed the liposomes exposed to a hypertonic solution under a microfluidic environment to evaluate the water permeability. Namely, after the trap of the liposomes, the external solution was exchanged with the hypertonic solution, and the following dynamics was monitored by microscopic observation. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a shows the representative time-lapsed fluorescence images. The diameter of each liposome calculated from the area of the cross-sectional image linearly decreased during 480--690 s ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b,c), indicating the consistency with the previous works^[@ref49]^ and the uniformity of the concentration of the external solution during the time range. The averaged water permeability of liposomes was calculated as 10.2 ± 5.0 μm/s (*n* = 10), and even in maxima, it was 18.1 μm/s (see the [Methods](#sec5){ref-type="other"} section for details). The estimated value was remarkably smaller than the previously reported value for the pure POPC membrane (∼10^2^ μm/s).^[@ref50],[@ref51]^ Rather, the value was comparable to that of the POPC membrane containing ca. 40% of cholesterol.^[@ref51]^ According to the previous report,^[@ref26]^ the measurement of water permeability in the device afforded comparable average water permeability to the other bulk measurements^[@ref52]^ as for liposomes prepared by the film swelling method. Moreover, in our experimental system, continuous shear, which is known to enhance the permeability across the membrane,^[@ref53],[@ref54]^ was imposed on the trapped liposomes. Therefore, the obtained low water permeability should not be attributed to the methodology using microfluidics. Since the previous report elsewhere demonstrated that the residual oil compound (*n*-decane) used in the WOET method contaminated the liposomal membrane during the emulsification process,^[@ref55]^ we suspect that the liquid paraffin used in the current study afforded low water permeability.

![(a) Representative fluorescence images (top) and their binary images (bottom) of a liposome exposed to the hypertonic solution. Scale bar, 10 μm. (b) Time course of the relative diameter normalized by the initial diameter of each liposome. The diameter was estimated from the binary image in (a). The average value is plotted in tense blue, and all data are plotted in pale blue. (c) Absolute diameter of liposomes plotted for 480--690 s (indicated as the red rectangle in (b)). Each color represents data of each liposome.](ao0c01371_0005){#fig5}

We should also note that the obtained variance of the water permeability was not negligible. Although the estimation process based on the cross-sectional image associated the considerable intrinsic variance (up to 30% in the coefficient of variation (CV)),^[@ref52]^ the obtained variance (CV ∼ 50%) could suggest another factor of variation, the amount of residual oils. However, it is technically difficult to estimate the amount of oil contaminants for the observed individual liposomes in the device, and further elucidation is desired. In any case, the molecular transportation across the lipid membrane is of great interest in view of, for instance, future application of liposomes as a therapeutic evaluation platform for drugs,^[@ref56],[@ref57]^ mechanistic investigation of cell-penetrating peptides,^[@ref58]^ and a synthetic approach toward the cell model.^[@ref14]^ Therefore, it should be remembered that even the maximum of the water permeability of the liposomes prepared by the current WOET method was much smaller than that of the liposomes prepared by the film swelling method^[@ref50],[@ref51]^ as a potential nature of the preparation protocol affecting the membrane property.

Conclusions {#sec4}
===========

In this paper, we showed that the modification of the surface of the device by the perfluoroalkyl group enabled the steady trapping and parallel observation of liposomes prepared by the WOET method. Simultaneous direct observation of trapped liposomes prepared by the WOET method is advantageous for the easy and precise tracking of the time course of liposomes with a statistical data set, which demands time-consuming repetition of the experimental protocol in batch measurements and is impossible for flow cytometry. We demonstrated the potential of the device as a perfusion chamber by the following three measurements: visualization of the bipolar convection in the liposomes under microfluidic environment, evaluation of the encapsulation yield, and long-term tracking of liposomes upon the osmotic stress. Significantly, the water permeability of the liposomes was much smaller than the previous reports. It should be noted as the potential artifact on the future development of liposome-based cell models using the current WOET method. However, the WOET method can afford liposomes containing even large colloidal particles and hence biofunctional polymers without special apparatus. In the support of capillary devices or PDMS-based microfluidic devices, some organic solvents other than liquid paraffin can suppress the contamination of liposomal membrane.^[@ref59]−[@ref61]^ This is advantageous for not only synthetic biology but also pharmaceutical applications.^[@ref62]−[@ref64]^ Thus, the combination of the microfluidic experiment and the WOET method can encourage the further development of a wide range of research fields related to liposomes.

Methods {#sec5}
=======

Materials {#sec5.1}
---------

1-Palmitoyl-2-oleoyl-*sn*-glycero-3-phosphocholine (POPC) was purchased from NOF Corporation (Tokyo, Japan). Cholesterol was provided by Avanti Polar Lipids. Texas Red 1,2-dihexadecanoyl-*sn*-glycero-3-phosphoethanolamine (triethylammonium salt) (Texas Red DHPE) was supplied by Thermo Fisher Scientific, Inc. (Waltham, MA). Glucose, sucrose, tris(hydroxymethyl)aminomethane (Tris), hydrochloric acid, methanol, chloroform, hexadecane, liquid paraffin, and pH standard solutions (phthalate pH standard solution, phosphate pH standard equimolal solution, and tetraborate pH standard solution) were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Trimethoxy(1*H*,1*H*,2*H*,2H-heptadecafluorodecyl)silane (PFS) and fluorescent microbeads (Fluoresbrite YG Microspheres, Calibration Grade 1.00 μm) were provided by Tokyo Chemical Industry Corporation (Tokyo, Japan) and Polysciences, Inc. (Warrington, PA), respectively. For PDMS fabrication, SILPOT 184 W/C purchased from Dow Toray Co., Ltd. was used. All materials were used without further purification.

Measurement of the Contact Angle of the PDMS Block {#sec5.2}
--------------------------------------------------

PDMS blocks used for the measurement of the contact angle were fabricated as follows. The base of SILPOT 184 W/C and its curing agent were mixed in a 10:1 weight ratio (Thinky, Inc., AR-100). The mixture was heated at 75 °C for more than 2 h. For the surface modification of the PDMS block, we further adopted the following procedures. We exposed the PDMS block to a single-step oxygen plasma treatment: 25 W, 20 cc/min, 5 s (SAMCO, FA-1). After being heated at 75 °C for 30 min, the PDMS block was dipped into an approximately 10 wt % PFS/methanol solution containing an aliquot of 6 M hydrochloric acid for 60 min. Then, the PDMS block was washed with an excess amount of methanol and dried at room temperature (approximately 25 °C). The fabricated PDMS block was placed on a horizontal table, and 10 μL of Milli-Q water or hexadecane was placed on the PDMS block. The image of the droplet was taken by a commercially available contact angle meter (Excimer Inc., SImage Entry 5). The measurement proceeded independently five times for each experimental condition. The results were presented as mean values ± standard deviations.

Preparation of Microbead Dispersion {#sec5.3}
-----------------------------------

Fluorescent microbead dispersion (ca. 100 μL) was diluted by 600 μL of Milli-Q water. The bead dispersion was centrifuged (1900 g, 5 min, 25 °C) by a high-speed microcentrifuge (HITACHI, Ltd., Himac CT15RE), and the supernatant was removed. Milli-Q water (600 μL) was added, and the dispersion was vigorously vortexed. The procedures were repeated five times. After the fifth centrifugation, 350 mM glucose/150 mM sucrose/50 mM Tris--HCl buffer (measured pH, 8.05; inner phase solution) was added instead of Milli-Q water. The bead dispersion was stored under 4 °C (at most 3 days) and used after further dilutions (typically diluted threefold).

Preparation of Cell-Sized Liposome Dispersion {#sec5.4}
---------------------------------------------

Stock solutions of POPC (40 mM in chloroform, 96 μL) and Texas Red DHPE (14.5 μM in chloroform, 160 μL) were mixed in liquid paraffin (1 mL). The oil dispersion was heated at 80 °C by a dry bath (Rocker Scientific Co., Ltd., Sahara 310) for 6 h. After cooling of the oil dispersion, the bead dispersion (100 μL) was poured into the lipid/paraffin solution and vigorously vortexed for 20 s. The resulting emulsion (200 μL) was gently put onto 1 mL of 500 mM glucose/50 mM Tris--HCl buffer (measured pH, 8.06; outer phase solution) in a microtube. The microtube was centrifuged (18 800*g*, 30 min, 25 °C), and the supernatant was removed. The residual (∼50 μL) was redispersed by gentle pipetting and put to a fresh microtube. The outer phase solution (1 mL) was added to the microtube and gently pipetted to disperse. The liposome dispersion was centrifuged again (18 800*g*, 30 min, 25 °C). Almost all of the supernatant was carefully removed. Finally, to eliminate the density difference, 100 μL of inner phase solution was added to the precipitate and gently pipetted to redisperse. The prepared liposome dispersion was used within 1 day, although it remained stable at least 2 days after preparation.

Surface Modification of the PDMS-Based Microfluidic Device {#sec5.5}
----------------------------------------------------------

The PDMS-based microfluidic device was designed and fabricated according to the previous report.^[@ref26],[@ref29]^ To bond the glass slide and the PDMS channel, we adopted a two-step oxygen plasma treatment: 25 W, 20 cc/min, 2 min for glass slide only and then 25 W, 20 cc/min, 5 s for glass slide and the PDMS channel (SAMCO, FA-1). After the plasma treatment, the glass slide and the PDMS channel were quickly contacted together and then heated on a hot plate at 75 °C for 30 min. The microfluidic device was cooled for 5 min at room temperature (ca. 20 °C), and approximately 10 wt % PFS/methanol solution mixed with an aliquot of 6 M hydrochloric acid was introduced into the device. After 60 min of incubation at room temperature (approximately 20 °C), the device was washed with an excess amount of methanol (\>5 mL) and then with Milli-Q water (\>5 mL).

Trapping of Liposomes {#sec5.6}
---------------------

The liposome dispersion and the outer solution were introduced into the microfluidic device by two syringe pumps (YMC, YSP-202; Harvard Apparatus, Pump 11 Pico Plus Elite) for typically 30 min. Flow rates were set to 6.5 and 40 μL/h, respectively. The schematic description of the plumbing of the whole experimental system is described in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. After a moderate number of liposomes (10--14) were trapped in the nests, the flow of the liposome dispersion was shut out by switching valve A. For the osmotic stress experiments, the outer solution was exchanged by connecting the sample loop to the microfluidic device through switching valve B. Another pump (Harvard Apparatus, Pump 11 Pico Plus Elite) was used to fill the sample loop. For the abrupt stop of the flow of the outer solution, valve C was switched.

Evaluation of the Trapping Process and Stability of the Trapped Liposomes {#sec5.7}
-------------------------------------------------------------------------

The liposome dispersion was introduced as described in the former section. After the flow rate was changed to 40 μL/h, fluorescence images were taken for every 60 s for 2 h. Then, valve A was switched to shut out the liposome dispersion, and again, fluorescence images were taken for every 60 s for 2 h to evaluate the stability of the trapped liposomes. The obtained images were analyzed by ImageJ.

Microscopic Observations {#sec5.8}
------------------------

In the case of microfluidic experiments, liposomes were arrayed in the device via the procedures explained above. On the other hand, in the case of batch observation, the liposome dispersion was confined in a frame-sealed chamber with two glass slips and a spacer (thickness ∼280 μm; Bio-Rad, SLF-0201). The specimen was observed under an inverted microscope (Olympus, IX71) equipped with a cooled charge-coupled device camera (Olympus, DP72). A dual-band excitation filter (excitation, 490--505, 560--580 nm; emission, 515--545, 600--650 nm) and a single-band excitation filter (excitation, 565--585 nm; emission, 600--690 nm) were used. For counting green fluorescent microbeads in cell-sized liposomes stained by Texas Red DHPE, image processing was performed as follows. Once green and red fluorescence from those liposomes were captured in one snapshot or movie, the original snapshot or movie was decomposed into each color channel (blue, green, and red). Since we did not use blue fluorescence, we omitted the blue channel image and reassembled red and green channel images by assigning pseudocolors of red and cyan, respectively.

Counting of Encapsulated Microbeads inside Liposomes {#sec5.9}
----------------------------------------------------

The microscopic observation was performed as explained above. Especially for the microfluidic measurements, the movie was captured after the flow of the liposome dispersion and the external solution was shut off to visualize individual fluorescent microbeads. On the other hand, for the bulk measurement, we selected liposomes larger than approximately 5 μm for counting encapsulated microbeads. During the capture of the movie, the focal plane was carefully scanned by hand not to overlook the microbeads out of the focal plane. The captured movie was analyzed with ImageJ. To compare the results, we adopted Mann--Whitney's U test. The *n*th data in the group *k* were ranked (*r*~*kn*~) accordingly. The statistic index (*U*~*k*~) was calculated as followswhere *N*~*k*~ is the number of data in the group *k*. We calculated the *p*-value assuming the normal distribution of *Z* value defined as followsNote that for the comparison of MFD-1× and Bulk-1×, we evaluated a two-sided test because a large/small relationship was unknown. On the contrary, for the comparison of MFD-1× and MFD-2×, we adopted a one-sided test since it was obvious from the shape of the obtained distribution that when the two groups had some statistically detectable difference, data of MFD-1× was larger than that of MFD-2×.

Estimation of Water Permeability {#sec5.10}
--------------------------------

Liposomes were arrayed in one observation field as described above. The initial outer solution (350 mM glucose/150 mM sucrose/50 mM Tris--HCl buffer (pH: 8.05)) was then substituted to a hypertonic solution (385 mM glucose/165 mM sucrose/55 mM Tris--HCl buffer (pH: 8.08)). After 5 min, fluorescence images were taken every 30 s. Taken images were trimmed for each trapped liposome. The images were binarized, and their cross-sectional areas were measured by ImageJ. The diameter of each liposome was calculated from the value of their area. In the hypertonic solution, the diameter of the liposome decreased linearly along the time, which was described as follows^[@ref52]^where *R* is the diameter, *t* is the time, *P* is the water permeability, α is the molar volume of water (18 mL/mol), and Δ*C* is the difference in the concentrations. We calculated the water permeability by the linear regression of the time course of the diameter taken during 480--690 s. Only liposomes having at least four data points were measured during the time range. The calculated permeabilities were presented as mean values ± standard deviations.
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